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ABSTRACT
We present the first maps of cyanoacetylene isotopologues in Titan’s atmosphere, including H13CCCN and
HCCC15N, detected in the 0.9 mm band using the Atacama Large Millimeter/submillimeter array (ALMA)
around the time of Titan’s (southern winter) solstice in May 2017. The first high-resolution map of HC3N in its
v7 = 1 vibrationally excited state is also presented, revealing a unique snapshot of the global HC3N distribution,
free from the strong optical depth effects that adversely impact the ground-state (v = 0) map. The HC3N
emission is found to be strongly enhanced over Titan’s south pole (by a factor of 5.7 compared to the north pole),
consistent with rapid photochemical loss of HC3N from the summer hemisphere combined with production
and transport to the winter pole since the April 2015 ALMA observations. The H13CCCN/HCCC15N flux ratio
is derived at the southern HC3N peak, and implies an HC3N/HCCC15N ratio of 67± 14. This represents a
significant enrichment in 15N compared with Titan’s main molecular nitrogen reservoir, which has a 14N/15N
ratio of 167, and confirms the importance of photochemistry in determining the nitrogen isotopic ratio in Titan’s
organic inventory.
Subject headings: planets and satellites: individual (Titan) — planets and satellites: atmospheres — techniques:
interferometric — techniques: imaging spectroscopy — submillimeter: planetary systems
1. INTRODUCTION
Titan’s nitrogen and methane-dominated atmosphere is by-
far the densest of any moon in the Solar System, and its origin
has remained a mystery since its discovery by Kuiper (1944)
— see Hörst (2017) and references therein. Titan’s atmo-
spheric nitrogen is theorized to have been outgassed as NH3
or N2, originally present as ice that was accreted in the Sat-
urnian sub-nebula, perhaps with a contribution delivered by
cometary impacts. Such theories can be tested by measure-
ments of Titan’s present-day atmospheric abundances.
Trace isotopic ratios can reveal crucial information on the
origins of a wide variety of solar system materials (e.g. Mandt
et al. 2009; Bockelée-Morvan et al. 2015; Marboeuf et al.
2018; Alexander et al. 2018), and provide unique insights
into their thermal and chemical histories. The gases that were
eventually incorporated into icy planetesimals may have be-
come enriched (or depleted) in heavy isotopes during the for-
mation of the solar system or prior interstellar cloud. The
difference in zero point energy between the reactants and
products means that at low temperatures (below the activation
energy for the reverse reaction), isotopic exchange reactions
such as 15N+ + 14N2  14N+ + 14N15N tend to procede pref-
erentially in the forward direction (see Roueff et al. 2015).
Charnley & Rodgers (2002) theorized that reactions of 15N-
enriched N2 with He+, followed by H2 can lead to the pro-
duction of 15N-enriched interstellar NH3 ice. In the protoso-
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lar nebula, 15N-enriched NH3 may have also arisen following
the isotope-selective photodissociation of N2 (see Visser et al.
2018). Understanding Titan’s atmospheric 14N/15N ratio may
thus provide a crucial window into the thermal, chemical and
radiation history of its nitrogen-bearing ices.
The first measurement of Titan’s 14N/15N ratio was by
Marten et al. (2002), who used mm-wave spectroscopy of
HCN to derive HC14N/HC15N = 60-70. A small ratio (com-
pared to the Solar value of 440 and the terrestrial value of
272) was confirmed by Gurwell (2004), Vinatier et al. (2007)
and Courtin et al. (2011), using a combination of ground
and space-based sub-mm and infrared observations. A re-
fined disk-average measurement of 72.3± 2.2 was recently
obtained by Molter et al. (2016) using ALMA archival flux-
calibration observations of Titan. Meanwhile, the Cassini-
Huygens mass spectrometer measured the 14N/15N ratio in
tropospheric N2 to be significantly higher at 167± 0.6 (Nie-
mann et al. 2010). The difference in 15N fraction for
these molecules is theorized to be a consequence of isotope-
selective photodissociation of N2 in the upper atmosphere.
At altitudes & 800 km, 14N2 is more slowly dissociated than
15N14N due to self-shielding in the predissociating absorp-
tion lines (Liang et al. 2007). This gives rise to an enhanced
abundance of atomic 15N that is theorized to carry through
into other photochemically-produced species. While this is
likely sufficient to explain the observed HC14N/HC15N ratio,
the theory remains to be tested for any molecules apart from
HCN.
Additional complexity arises due to the many possible
sources and sinks of atmospheric 14N and 15N, including out-
gassing from (or precipitation onto) the surface, and sputter-
ing/escape from (delivery to) the top of the atmosphere, any of
which may alter the overall nitrogen isotopic ratio over time
(Mandt et al. 2009; Krasnopolsky 2016). Our present study
is motivated by the need to accurately measure the 14N/15N
ratio in Titan’s photochemical products, to help elucidate the
ar
X
iv
:1
80
5.
04
41
6v
1 
 [a
str
o-
ph
.E
P]
  1
1 M
ay
 20
18
2 Cordiner et al.
sources and sinks of 15N, which are crucial for a proper un-
derstanding of the primordial value of 14N/15N in Titan’s ice
at the time it was accreted. Stratospheric HC3N densities
are theorised to be affected by many different reactions, so
comparison between observed and predicted HCCC15N abun-
dances provides a crucial check of the reaction networks used
in photochemical models (e.g. Loison et al. 2015; Krasnopol-
sky 2016; Vuitton et al. 2018), including photolysis cross-
sections, reaction rates and branching ratios.
In contrast to 15N, a large body of remote and in-situ obser-
vational (and laboratory) data shows that 13C ratios are much
less variable, with a value of≈ 90 across a wide range of solar
system materials (including all of Titan’s hydrocarbons and
nitriles for which measurements exist; Bézard et al. 2014).
This implies either that no significant carbon fractionating
processes are in operation, or that the isotopic production and
loss mechanisms are closely balanced (Hörst 2017).
In this study, we present the first maps of Titan’s 13C
and 15N isotopologues of the cyanoacetylene molecule
(HC3N), obtained using spatially resolved data from the At-
acama Large Millimeter/submillimeter Array (ALMA). Pure
mm/sub-mm rotational emission lines of the main H12C314N
isotopologue (hereafter referred to as simply HC3N), are
found to be unreliable as a tracer of the total HC3N abundance
due to strong opacity effects, so we use the known atmo-
spheric 12C/13C ratio (assumed to apply to HC3N), combined
with our ALMA measurements of H13CCCN and HCCC15N
to derive the 14N/15N ratio in HC3N for the first time.
2. OBSERVATIONS
Observations of Titan were obtained using ALMA on 2017-
05-08 as part of the Director’s Discretionary Time program
2016.A.00014.S. Following the initial bandpass and flux cal-
ibration scans, our observations consisted of an interleaved
sequence of three visits each to Titan and the phase calibra-
tor J1751-1950. The phase-center was updated in real-time to
track Titan’s moving position on the sky.
The Band 7 receiver was used, and the ALMA correla-
tor was configured to observe the frequency ranges 342.5-
346.1 GHz and 354.2-356.1 GHz at moderate spectral reso-
lution (976 kHz) to capture the CO 2-1 and HCN 4-3 lines
(including their broad line wings), as well as the HC3N lines
of interest to this study. The total on-source observing time
for Titan was 18 min, with 46 antennas online, resulting in
an RMS noise of ≈ 4 mJy beam−1. Weather conditions were
good, with a zenith precipitable water vapor of 0.76 mm.
Data were flagged and calibrated in CASA 5.1 (Jaeger
2008) using the automated pipeline scripts supplied by the
Joint ALMA Observatory (see Shinnaga et al. 2015). Flux
calibration was performed with respect to the quasar J1733-
1304, and is expected to be accurate to within about 5%. The
spectral axis was transformed to Titan’s rest frame and re-
gridded to a 976 kHz channel width. Titan’s continuum flux
was subtracted using low-order polynomial fits to the spectral
regions adjacent to our detected lines. Imaging and deconvo-
lution were performed using the Clark clean algorithm
with natural visibility weighting, a pixel size of 0.025′′ and a
flux threshold of 8 mJy. The resulting angular resolution was
0.23′′× 0.17′′ from a Gaussian fit to the point-spread func-
tion.
The coordinate scales of the cleaned images were trans-
formed to physical distances with respect to the center of Ti-
tan, which was 9.26 au from Earth at the time of observation.
Titan’s north pole was oriented 5.3◦ counter-clockwise from
celestial north, and tilted towards the observer by 26◦. This is
close to the maximum polar tilt due to the proximity of our ob-
servations to Titan’s southern winter solstice on 2017 May 24.
Before plotting, our images were corrected for a small, 0.06′′
offset in declination (of unknown origin) that was identified
in Titan’s position with respect to the ALMA phase center.
3. RESULTS
Emission from HC3N, including lines from the ground
(v = 0) vibrational state, (v7 = 1) vibrationally excited state,
and the isotopologue lines were identified using the CDMS
catalogue (Müller et al. 2001), based on the laboratory fre-
quencies of Thorwirth et al. (2000, 2001). Relevant spectro-
scopic parameters and integrated line fluxes are given in Ta-
ble 1. Note that although the J = 38− 37 lines of HC13CCN
and HCC13CN were detectable in addition to the J = 39− 38
line of H13CCCN, the other 13C isotopologues were excluded
from the present study as they cannot be properly disentan-
gled from the steeply-rising wing of the overlapping HC15N
J = 4−3 line (at 344200 MHz).
Figure 1 shows the detected spectral lines and Figure 2
shows the emission maps, integrated over the full extent of the
detected flux for H13CCCN and HCCC15N. Only the central
5 spectral channels were included for HC3N v = 0 and v7 = 1
to facilitate intercomparison of their maps — avoiding the in-
troduction of undue noise from the weak, pressure-broadened
wings that are present at the north pole for v = 0 (but not de-
tected for v7 = 1). HC3N (v = 0) shows a limb-brightened flux
distribution, characteristic of high-altitude atmospheric emis-
sion. There is a strong intensity peak over the south pole, with
a weaker, secondary peak in the north. By contrast, emission
from the 13C and 15N isotopologues was only detected within
a compact region over the south pole, with a peak flux 0.03′′
away from Titan’s disk. This corresponds to a sky-projected
altitude of 200 km above the southern limb.
The Einstein A coefficients and degeneracies (gu) for the
v = 0 and v7 = 1 lines are practically identical, but the upper-
state energy (Eu) for v7 = 1 is 322 K above v = 0. At the
∼ 160 K temperature in the middle atmosphere where the
majority of the HC3N emission originates, the difference in
Boltzmann factors results in a factor of 7.4 reduction in the
population of the vibrationally-excited state (assuming local
thermodynamic equilibrium; LTE), with a corresponding drop
in emitted line flux. In fact, the measured v = 0 line flux is
only 1.2 times stronger than v7 = 1, and this discrepancy is
probably due to a very high optical depth of the v = 0 line
in a compact region near the south pole (see section 4). Ex-
pressed as a Rayleigh-Jeans antenna temperature, the HC3N
v = 0 line peak of 78 K does not expose the full extent of
the line saturation, which is more readily revealed by com-
paring the emission from the north (N) and south (S) poles.
The ratio of S to N polar peaks for v7 = 1 is 5.7± 0.3, and
for v = 0 the ratio is only 1.6±0.1. This difference cannot be
attributed to differences in temperatures between the poles,
which are typically . 20 K — such a temperature variation
only amounts to∼ 20% difference in the LTE v7 = 1 and v = 0
level populations. Thus, we deduce the presence of a south
polar region smaller than the telescope beam, in which the
HC3N J = 39−38, v = 0 line is completely optically thick, sig-
nificantly depressing the measured flux from that region.
The high opacity of the HC3N J = 39− 38, v = 0 line rules
out its use for deriving an accurate abundance over the south
3TABLE 1
DETECTED HC3N LINE SPECTROSCOPIC PARAMETERS AND MEASURED FLUXES
Species Transition Rest Freq. A gu Eu Flux
(MHz) (10−3 s) (K) (Jy kHz)
HC3N J = 39−38, v = 0 354697.463 3.571 79 340.5 475±19
HC3N J = 39−38, v7 = 1e 355566.254 3.577 79 662.2 412±17
HC3N J = 39−38, v7 = 1 f 356072.445 3.592 79 662.7 402±17
H13CCCN J = 39−38 343737.400 3.250 79 330.0 35.5±5.9
HCCC15N J = 39−38 344385.348 3.254 79 330.6 47.3±6.6
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FIG. 1.— ALMA spectra of HC3N extracted from a beam centered 200 km above the south polar limb, including the (J = 39−38, v = 0) rotational transition of
the vibrational ground state, the (J = 39− 38, v7 = 1 f ) transition of the vibrationally excited state, and the ground-state rotational transitions of the detected 13C
and 15N isotopologues (see Table 1).
pole where the isotopologues were detected. We have also
conducted tests to retrieve the HC3N abundance using the
v7 = 1 transition, but this line is found to be too sensitive to
errors in the adopted temperature profile. Moreover, it has re-
cently been shown that, due to the rapidly decreasing density,
non-LTE effects start to become important for vibrationally
excited lines in Titan’s atmosphere above about 350 km
(Kutepov et al. 2013), resulting in unreliable abundance re-
trievals. Given that a significant proportion of the HC3N flux
detected through high-resolution mm/sub-mm spectroscopy
originates from altitudes above 350 km (Marten et al. 2002;
Cordiner et al. 2014), we find ourselves in the unfortunate sit-
uation of being unable to derive accurate enough abundances
for the main H12C314N isotopologue to allow a direct calcula-
tion of the 12C/13C and 14N/15N ratios in this molecule.
A similar situation is encountered for HCN in the interstel-
lar medium, and can plausibly be resolved using the ‘double
isotope’ method: the more easily measured abundance of an
(optically thin) 13C-substituted isotopologue is combined with
the known 12C/13C ratio to infer the abundance of the (opti-
cally thick) 12C isotopologue. The use of this method for Ti-
tan’s HC3N rests on the assumption that the HC3N/H13CCCN
ratio is the same as the bulk 12C/13C ratio measured from other
gases.
The 12C/13C ratios across the planets, moons and minor
bodies of the solar system tend to cluster around 90 (Woods
2009). Similarity between the 12C/13C ratios for Jupiter, Sat-
urn, the Earth and Sun led Sada et al. (1996) to conclude
that there is little or no 13C fractionation occurring in the
atmospheres of the Giant Planets. The range of individual
12C/13C measurements for Titan’s gases tabulated by Bézard
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FIG. 2.— Integrated emission maps of HC3N, including the ground-state (J = 39− 38, v = 0) and vibrationally excited (J = 39− 38, v7 = 1e and 1 f ) lines (top
two panels), and the detected 13C and 15N isotopologues (bottom two panels). The contour interval is 5σ for the HC3N v = 0 and v7 = 1 lines, and 3σ for the
isotopologues, where σ is the RMS noise level. Wire frame shows Titan’s solid body, with 22.5◦ increments in latitude and 30◦ in longitude. Ellipses (lower
left) indicate the spatial resolution.
et al. 2014 are all consistent with the (error-weighted) average
value of 88.6± 0.8. This includes the prior measurement of
79±17 in HC3N by Jennings et al. (2008), and we take this as
good evidence for a lack of strong 13C fractionation processes
operating in Titan’s atmosphere.
Since the molecular partition functions, Einstein A val-
ues and upper-state energies for the observed H13CCCN
and HCCC15N transitions are identical to within 0.2%,
the H13CCCN/HCCC15N abundance ratio can be accu-
rately derived, independent of assumptions regarding the
temperature and excitation of the gas. Adopting a value
H12C314N/H13C12C214N = 89, the ratio of our observed
H13CCCN and HCCC15N line fluxes (0.75± 0.16) implies
a 14N/15N ratio of 67± 14 in cyanoacetylene. The mea-
sured fluxes are dominated by emission from the (narrow)
spectral line cores, which originates primarily from altitudes
∼ 200 − 400 km (e.g. Marten et al. 2002), so the measured
14N/15N ratio should be considered an average over this range.
4. DISCUSSION
Our value for 14N/15N in HC3N is consistent with the aver-
age of the prior HCN measurements: 69.3±3.4 (Bézard et al.
2014; Molter et al. 2016). This may be understood within
the framework of recent models for Titan’s nitrile photochem-
istry. A source of 15N-enriched atomic nitrogen is produced
in the upper atmosphere as a result of preferential photodis-
sociation of 15N14N compared with the dominant 14N2 iso-
topologue. The line radiation required to predissociate 14N2
becomes attenuated with distance into the atmosphere, and
this effect is weaker for 15N14N due to its lower abundance
and differing predissociation wavelengths compared with the
main isotopologue (Liang et al. 2007). The resulting 15N-
enriched atomic nitrogen becomes incorporated into HCN,
and then into HC3N (through the CN radical intermediary),
as highlighted by the following reaction sequence (cf. Wilson
& Atreya 2004):
15N14N+hν −→ 15N+ 14N (1)
515N+CH3 −→ H2C15N+H (2)
H2C15N+H −→ HC15N+H2 (3)
HC15N+hν −→ C15N+H (4)
C15N+C2H2 −→ HC315N+H (5)
Given the expected altitude dependence of the atomic
14N/15N ratio (as 15N14N is photodissociated to greater depths
than 14N2), and the possibility of multiple formation and de-
struction pathways for HC3N (e.g. Loison et al. 2015), which
become important in different parts of the atmosphere, the
14N/15N ratio in HC3N cannot be easily interpreted without
the aid of a detailed chemical model. The latest models by
Vuitton et al. (2018) and Dobrijevic & Loison (2018) in-
corporate a comprehensive nitrile chemistry, including 15N-
bearing species as well as ion, cosmic ray and photolytic
processes. Vuitton et al. (2018) are able to reproduce the
previously-obtained HCN/HC15N ratio from Cassini and pre-
dict HC3N/HCCC15N = 52 at 200 km, which is in reason-
ably good agreement with our ALMA observations. Dobrije-
vic & Loison (2018) predicted a higher HC3N/HCCC15N ra-
tio of 80± 7 by including dissociation by energetic electrons
from Saturn’s magnetosphere. Unfortunately, our measured
HC3N/HCCC15N ratio is not accurate enough to conclusively
distinguish between these models, so additional observations
at higher sensitivity are needed. Another source of uncer-
tainty stems from our assumption of H12C3N/H13CCCN = 89;
limited accuracy of the prior 12C/13C measurement in HC3N
(Jennings et al. 2008) means that the true HC3N/HCCC15N
ratio could be as low as 43, so more accurate measurements
of HC3N/H13CCCN are also warranted. Combined with in-
formation on the 12C/13C ratios in C2H2, HCN and other
molecules, ALMA observations of the remaining 13C isotopo-
logues HC13CCN and HCC13CN would allow the individual
13C atoms to be tracked through the chemical network, pro-
viding a unique test for our understanding of the HC3N for-
mation mechanism(s) (e.g. Taniguchi et al. 2017).
Through a combination of laboratory, modeling and obser-
vational studies (e.g. Clarke & Ferris 1997; Wilson & Atreya
2003; Teanby et al. 2008), it has been shown that Titan’s ni-
triles (including HCN and HC3N) are likely to become incor-
porated into more complex polymers and aerosol particles.
As a result, the preferential removal of 15N from the atmo-
sphere, through its incorporation into photochemical products
and subsequent precipitation onto the surface, should be con-
sidered as an important 15N loss process, and thus a possi-
ble factor in the time-evolution of Titan’s bulk atmospheric
14N/15N ratio. The detection of a strong 15N-enrichment in a
second molecule (after HCN) confirms the likely importance
of this fractionation process. The consequent increase in pre-
cipitation rate for atmospheric 15N (relative to 14N) means that
the 14N/15N ratio in N2 may have been lower in the past (e.g.
Krasnopolsky 2016), perhaps close to the value of 136 found
in cometary NH3 ice (Shinnaka et al. 2016).
Our high-resolution HC3N maps also reveal new details on
Titan’s atmospheric dynamics. By virtue of its large abun-
dance at high altitude, its strong rotational emission spectrum
and short lifetime (. 1 yr; Wilson & Atreya 2004; Krasnopol-
sky 2009), HC3N is an excellent tracer of Titan’s seasonally-
variable atmospheric circulation. Over the 24 month period
since the 2015 April ALMA observations of HC3N (Lai et al.
2017), the ratio of S to N polar emission peak intensities has
increased by almost a factor of two (from 3.1 to 5.7). This
is explained by the combination of (1) rapid photolytic break-
down of HC3N in the northern-hemisphere due to the increase
in solar insolation approaching the 2017 solstice and (2) the
transport of freshly-synthesized HC3N from mid-latitudes to-
wards the south pole by the strengthening winter polar circu-
lation system (Teanby et al. 2012; Lora et al. 2015). Details
regarding these photolytic and transport mechanisms may be
elucidated through future monitoring of the HC3N distribu-
tion at high resolution.
Comparison of the HC3N v = 0 and v7 = 1 line strengths re-
veals a high opacity in the v = 0 line, approaching complete
saturation at the winter pole. From a fitted 2D Gaussian, the
S-polar peak is 0.21′′×0.38′′ in size (unresolved on the short
axis), and the relatively low peak line brightness temperature
of 78 K (compared to the≈ 150-180 K gas temperature) indi-
cates that saturated emission fills less than half the beam. This
demonstrates the presence of one or more extremely compact
regions of enhanced HC3N column density at the winter pole,
similar to the chemically-enriched gas recently observed at
< −80◦ latitude by Cassini CIRS (Vinatier et al. 2017; Teanby
et al. 2017).
5. CONCLUSIONS
We have detected and mapped for the first time 13C and
15N isotopologues of HC3N in Titan’s atmosphere, revealing
a high resolution snapshot of the global distributions for these
trace gases. Similar to the main isotopologue, the H13CCCN
and HCCC15N show compact emission peaks in the vicinity
of the south pole, consistent with a short photochemical life-
time and advective transport by Titan’s seasonally-variable at-
mospheric circulation cell.
Our derived 14N/15N ratio in HC3N of 67±14 represents a
significant enrichment in 15N compared with the bulk (precur-
sor) N2 reservoir, and is the second such molecule for which
this effect has been observed, after HCN. Good agreement be-
tween our HC3N observations and the latest chemical model-
ing work demonstrates a reasonable understanding regarding
the synthesis of this molecule in Titan’s atmosphere, and con-
firms the importance of isotope-selective N2 photochemistry.
Additional chemical/dynamical modeling is needed to investi-
gate the full extent of Titan’s 15N and 14N sources and sinks, to
help further constrain the detailed time evolution of the bulk
14N/15N ratio, that may provide new insights into the origin
of Titan’s nitrogen atmosphere. Such models may be tested
through comparison of predicted gas abundance distributions
with future ALMA observations at higher sensitivity.
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